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position (endo-2-d), undergo exchange with THF in the 
time required for the carbonylation of 1 to proceed to 
completion. In addition no deuterium kinetic isotope effect 
is observed when 1-d is carbonylated in THF to give 
endo-2. 

From the results presented here, it is concluded that the 
reaction between 1 and CO proceeds by a mechanism 
different from the intramolecular mechanism proposed for 
the reaction of (~6-C6H6)Mn(C0)2CH3 and P(C6H5)3.5 In 
THF the reaction apparently does not involve direct in- 
termolecular transfer of hydride from 1 because carbony- 
lation of l -d  leads to the formation of no endo-2-d. This 
conclusion is consistent with the absence of a deuterium 
kinetic isotope effect. Since neither 1-d nor endo-2-d ex- 
changes with THF during the reaction period, the for- 
mation of product, by hydride ion or hydrogen atom 
transfer from 1 to the exo position in the product, would 
be expected to display deuterium tracing and a deuterum 
kinetic isotope effect when 1-d is used. The observations 
in THF suggest that an undetected intermediate or in- 
termediates, probably of very low concentration, are in- 
volved in product formation. A detailed FTIR study, 
designed to identify intermediates and to establish the 
mechanism of this reaction, is in progress. 
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Summary: The p,-nitrene cluster 1 reacts with PhCE 
CPh to give the binuclear metallapyrrolidone complex 2 
formed by combination of the alkyne with CO and the 
nitrene ligand. This species further reacts with PhC=CPh 
and CO to form pentaphenylpyridone and 1,3,4-tri- 
phenylmaleimide, respectively. Low-yield products ac- 
companying the synthesis of 2 are the metallacyclo- 
pentadiene complex 5 and the unusual Ru, cluster 4. The 
structures of 2 and 4 have been crystallographically es- 
tablished. 

0276-7333/86/2305-2561$01.50/0 

The chemistry of low-valent metal carbene complexes 
has been extensively investigated and many such com- 
pounds have found impressive synthetic uti1ity.l In 
contrast, the chemistry of nitrene ligands bound to low- 
valent metals remains relatively unexplored,2 even though 
such ligands have been invoked as intermediates in several 
catalytic  reaction^.^ In our efforts to develop the chem- 
istry of p3-nitrene ligands in metal clusters, we previously 
demonstrated the coupling of nitrenes with carbene and 
acyl ligands to give i m i d a t e ~ , ~  ~arbamates ,~  and benz- 
anilide.5 Herein we report the first examples of coupling 
of p3-nitrenes with alkynes and CO to give binuclear me- 
tallapyrrolidone complexes from which pyridones and im- 
ides subsequently derive. 

The metallapyrrolidone complex 26 forms in good yield 
when the p3-nitrene cluster 1' is heated in the presence of 
PhCECPh (eq 1). Complex 2 has been crystallographi- 
cally characterized (Figure 1).8 The Ru atoms of 2 are 
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4 ( < 5 % )  
+ 

\ /Ph 
Ph 

5 ( 1 1 % )  
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Figure 1. Molecular structure and labeling scheme for 2 (40% 
thermal ellipsoids). Bond distances (A) and bond angles (deg): 
Ru(l)-Ru(2), 2.677 (1); Ru(l)-N(l), 2.164 (3); Ru(2)-N(l), 2.136 
(3); Ru(l)-C(8), 2.299 (3); Ru(l)-C(9), 2.296 (3); Ru(2)-C(8), 2.073 
(3); N(1)-C(l), 1.437 (5); C(l)-C(9), 1.494 ( 5 ) ;  C(9)-C(8), 1.425 
(5); C(l)-Ru(l), 2.598 (3); Ru(l)-N(l)-Ru(S), 77.0 (1); Ru(2)- 
N(1)-C(l), 90.0 (2); N(l)-C(l)-C(9), 106.3 (3); C(l)-C(9)-C(8), 
114.7 (3); C ( ~ ) - C ( ~ ) - R U ( ~ ) ,  116.3 (2); N(l)-C(l)-O(l), 125.0 (3)'; 
C(g)-C(l)-O(l), 128.3 (4). 

joined by a single Ru-Ru bond (2.6767 (5) 8,) and are 
bridged by the p-PhC=C(Ph)C(O)NPh ligand which de- 
rives from combination of the nitrene ligand with CO and 
the added alkyne. This ligand is similar to that found in 
the two recently reported compounds CpzRhz(p-CF3=C- 
(CF,)C(O)NPh) (SI9 and Fez(Co)6{p-EtoC=C(Me)c(o)- 
N(N=CPhz)],10 and the structural parameters for the 
bridging ligands in the three compounds are similar. In- 
terestingly, compound 6 was prepared by the reaction of 
an alkyne complex with a source of phenylnitrene (PhN,, 
PhNCO) whereas 2 derives from addition of alkyne to a 
preformed nitrene cluster, formally the reverse order of 
reagent addition. Although the mechanism of formation 
of 2 is unknown, the coupling of the p3-NPh ligand with 
CO has so far been found to occur only in the presence of 
alkyne. The sole reaction observed when 1 was heated in 
the presence of CO alone was disproportionation to Ru3- 
( C ( ~ - N P ~ ) ~ ( C O ) ~ ~  and R U ~ ( C O ) ~ ~ . ~ ~  Reaction of 1 with 
MeCICPh proceeds in a regiospecific manner, generating 
only 312 with the phenyl substituent on the carbon adjacent 
to Ru (eq 1). 

A low yield product of reaction 1 is the unusual penta- 
ruthenium complex 4.13 The molecular structure of this 
species (Figure 2)14 shows it to result from combination 

(8) Crystal data: monoclinic, P2,/c, a = 21.492 (5) A, b = 7.840 (1) A, 
c = 15.819 (4) A, (3 = 100.6 (Z)", V = 2619.4 (9) A3, 2 = 4, D(calcd) = 1.692 
g ~ m - ~ ;  yellow crystal, 0.26 X 0.31 X 0.32 mm; 6042 reflections collected 
and absorption corrected (TmaJTmin = 0.436/0.393); p = 17.4 cm-' (Mo 
Ka); 4" -< 28 S 53O; 5416 unique reflections R(int) = 1.6770, and 4417 (F, 
2 347,)) used in the solution (direct methods) and refinement. For 299 
parameters (all non-H atoms anisotropic, phenyl rings rigid, planar 
hexagons, and H atoms calculated), RF = 2.99%, R a r ~  = 3.53%, GOF = 
1.098, A/u  = 0.09, and highest peak, final difference map = 0.46 e/A3. 
All programs SHELXTL (5.1), Nicolet Corp., Madison, WI. 
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ganometallics 1985, 4, 2128. 

(10) Null, D.; Dahan, F.; Mathieu, R. Organometallics 1986,5, 1278. 
(11) Han, S. H.; Williams, G. D., unpublished observation. 
(12) 3: IR (CH,Cl,) uco 2093 (m), 2066 (vs), 2020 (vs), 2002 (m, sh), 

1686 (m) cm-'; 'H NMR (CDzClz) 6 7.31 (br, Ph), 2.27 (8 ,  CHs); m/z (EI) 
607. Anal. Calcd C, 43.49; H, 2.14. Found: C, 43.59; H, 2.27. This 
complex has been crystallographically characterized; details will be 
published in the full paper. 

(13) 4: IR (hexane) uco 2085 (s), 2079 (s), 2067 (s), 2060 (s), 2047 (s), 
2039 (s), 2026 (vs), 2008 (s), 2002 (m), 1991 (s), 1958 (m), 1850 (w, br), 
1736 (w, br), 1692 (w) cm-'; m / z  (EI) 1179 (M - 2CO).  
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of 1 with 2, and indeed this direct reaction in cyclohexane 
(81 "C, 20 h) gave 4 in 49% yield. In forming 4, a phenyl 
substituent of the p-PhC=C(Ph)C(O)NPh ligand of 2 has 
replaced three CO's on a single Ru atom of 1 and is co- 
ordinated in an q6 fashion. In turn, one of the Ru atoms 
of 2 has lost a CO, and the p3-carbonyl ligand of 1 is bound 
in an isocarbonyl fashion to this Ru. This portion of the 
structure is similar to that observed in such compounds 
as C~,M(OCCO,(CO),)~ (M = Zr, Hf)15 in which the p3- 
carbonyl oxygen is attached to an oxophilic early transition 
metal. To our knowledge 4 is the first example of such a 
linkage in a compound containing only late transition 
metals. The Ru(4)-O(13) distance of 2.23 (1) 8, is only 
slightly longer than typical Ru-0 single bond distances of 
2.1 8, (e.g., (Ru-O),, = 2.15 8, in Ru,(CO),,(C=CH-t- 
Pr)(0H)(PPhzlGa); 2.12 8, in [(q6-c~H6)Ru(oH)](s04)2~ 
12H,01Gb). Also formed in reaction 1 is the known17 me- 
tallacyclopentadiene complex 5, which presumably results 
from combination of PhC=CPh with Ru(CO), fragments 
liberated in the 1 - 2 conversion. 

Complex 2 is an interesting precursor to the organics 
pentaphenylpyridonel* and 1,3,4-triphenylmaleimide1g 
formed by the reactions with excess alkyne and CO 
(Scheme I). The latter reaction proceeds efficiently only 
upon photolysis; unreacted 2 is recovered in -90% yield 
from the thermal reaction with CO (1200 psi, 120 "C, 48 
h). Both of these transformations have precedent in the 
conversion of a mononuclear nickelapyrrolidone complex 
into these productsz0 and in the use of Co and Ni com- 
plexes to catalyze the formation of pyridones from alkynes 
and isocyanates.21 The reactions of Scheme I are the first 

(14) Crystal data: monoclinic, P2,/c, a = 15.313 (5) A, b = 27.319 (10) 
A, c = 20.593 (7) A, (3 = 102.46 (3)", V = 8412 (7) A3, 2 = 8, D(ca1cd) = 
1.942 g cmd; deep red crystal, 0.31 X 0.32 X 0.34 mm, 10590 reflections 
collected and absorption corrected (TmJTmin = 0.722/0.640), ~r = 17.9 
cm-' (Mo Ka), 4" 5 28 5 42' (limited by weakness of diffraction inten- 
sity), 9025 unique reflections, R(int) = 1.08%, and 5783 (F, 2 3u(F0)) used 
in the solution (direct methods) and refinement. The asymmetric unit 
consists of two crystallographically independent but chemically identical 
molecules. For 986 parameters (all non-H atoms anisotropic, phenyl rings 
rigid, planar hexagons except for the qE-ring), and H atoms calculated, 
RF = 5.92%, R w ~  = 5.78%, GOF = 1.278, A / u  = 0.10, highest peak, and 
final difference map = 0.96 e/A3. Frograms as used in ref 8. 

(15) Stutte, B.; Baetzel, V.; Boese, R.; Schmid, G. Chem. Ber. 1978, 
111, 1603. 

(16) (a) Carty, A. J.; MacLaughlin, S. A.; Tayler, N. J. J. Chem. Soc., 
Chem. Commun. 1981,476. (b) Gould, R. 0.; Jones, C. L.; Robertson, D. 
R.; Stephenson, T. A. J. Chem. Soc., Chem. Commun. 1977, 222. 

(17) Sears, C. T., Jr.; Stone, F. G. A. J .  Organomet. Chem. 1968,11, 
644. 

(18) Spectral data: IR (KBr) uc0 1640 cm-'; m/z  (EI), calcd for C35- 
H,,NO 475.1936, found 475.1919 (M'). 

(19) Spectral data: IR (CHzClz) uc0 1725 cm"; m / z  (EI) 325 (M'). 
(20) Hoberg, H.; Oster, B. W. Synthesis 1982, 324; J .  Organomet. 

Chem. 1982,234, C35; 1983,252, 359. 
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Figure 2. Molecular structure and labeling scheme for 4 (40% 
thermal ellipsoids). Only one of the chemically indistinguishable 
but independent molecules in the asymmetric unit is shown. Bond 
distances (A) bond angles (deg): Ru(1)-C(14), 2.18 (1); Ru(2)- 
C(14), 2.21 (1); Ru(3)<(14), 1.98 (1); (av) Ru(3)-C(sS-C&), 2.27 
(2); C(14)-0(13), 1.27 (2); 0(13)-Ru(4); 2.23 (1); (av) Ru-C- 
(14)-Ru, 79.7 (6); Ru(4)-0(13)-C(14), 128 (1). 

demonstration of such chemistry from a binuclear me- 
tallapyrrolidone complex. 

It is interesting to compare the chemistry described 
herein to the recently reported reactions of alkynes with 
the p3-phosphinidene iron analogue of 1, Fe3(p3- 
PC6H40CH3)(CO)l~22 These reactions gave trinuclear 
products from either substitution of alkyne for a cluster 
CO (photolysis) or insertion of the alkyne into an Fe-P 
bond (thermolysis). In contrast to the results reported 
herein, no coupling of the phosphinidene ligand with CO 
was observed, further illustrating the significant reactivity 
differences between isoelectronic p3-nitrene and p3-phos- 
phinidene  ligand^.^ 

I t  is clear from this and related studies that p3-nitrene 
ligands in metal clusters can combine with a variety of 
other ligands including hydride~,~”g ~ a r b e n e s , ~  
methoxycarbonyls,5 and now alkynes. The further re- 
activity of this ligand is under exploration in our labora- 
tory, with current efforts directed toward ita reactions with 
olefins and other unsaturated organic substrates. 
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Summary: The metal-metal-bonded dimer [CpCr(CO),] 
(11) reacts (a) with Bu,SnH to give CpCr(CO),H and 
CpCr(CO),SnBu, and (b) with methyl iodide to give 
CpCr(CO),I and CpCr(CO),Me. Both reactions appear to 
involve the chromium-centered radical CpCr(CO),-, 
formed spontaneously via dissociation of 11. The X-ray 
crystal structure of the chromium-centered radical 
CpCr(CO)2(PPh,). has been determined: the compound is 
isostructural with the 18-electron species CpMn(CO),- 
(PPh,) but exhibits a deformation which may be attributed 
to the electron “hole”. 

We have recently reported a mechanistic investigation, 
involving CIDNP studies, of the hydrometalation 
(“insertion”) and hydrogen-transfer reactions of HMII(CO)~ 
and CpFe(CO),H with conjugated dienes.’ In an attempt 
to extend this work to similar reactions of the hydride 
C P C ~ ( C O ) ~ H ~  (I), we have observed no CIDNP polariza- 
tions but did to our surprise observe coalescence of the 
cyclopentadienyl ‘H NMR resonance of I with that of the 
reaction byproduct [CpCr(C0)3]2 (11). Although we can 
offer for this behavior no obvious rationalization involving 
direct exchange between I and 11, the chromium-chromium 
bond of the latter is sufficiently weak3 that I1 dissociates 
slightly in solution to form the paramagnetic monomer 
CpCr(CO),- (III).4 Thus one may postulate direct hy- 
drogen atom exchange between I and 111, i.e. 

[Cr]H + [Cr] - [Cr]-.H.-[Cr] - [Cr] + H[Cr] (1) 

[Cr] = CpCr(CO)3 

Precedent for this reaction is found in the facile transfer 
of hydrogen from C ~ M O ( C O ) ~ H  to photogenerated CpW- 
(co)3.,5 and indeed, atom abstraction reactions are a 
characteristic process of transition-metal-centered radicals 
such as III.6 In the system under consideration here, 
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